We study unparticle effects on particle and antiparticle osillations in meson-antimeson, and muonium-antimuonium systems. Unlike usual tree level contributions to meson oscillations from heavy particle exchange with small Γ 12 , the unparticle may have sizeable contributions to both M 12 and Γ 12 due to fractional dimension d U of the unparticle. We find that very stringent constraints on the unparticle and particle interactions can be obtained. If unparticle effect dominates the contributions (which may happen in D 0 −D 0 mixing) to meson mixing parameters x and y, we find that x/y = cot(πd U ). Interesting constraints on unparticle and particle interactions can also be obtained using muonion and antimuonion oscillation data. We also comment on unparticle effects on CP violation in meson oscillations.
I. INTRODUCTION
Recently Georgi proposed an interesting idea to describe possible scale invariant effect at low energies by unparticles [1] . Georgi 
Study of unparticle effects has drawn a lot of attentions from collider physics [1, 2] , low energy flavor conserving and flavor violating processes [3, 4, 5] , long range effects [6] , cosmological and astrophysics phenomena [7] , to more theoretical studies [8] . In this work we further study unparticle effects on particle and antiparticle oscillations of meson P and antimesonP , and muonium and antimuonium systems.
Unparticle effects on oscillation in meson and antimeson have been considered previously [4] . Our investigation for meson and antimeson oscillation will focus on some interesting features due to the fractional dimension of unparticle d U . Unlike usual tree level contributions to meson oscillations from heavy particle exchange with small Γ 12 , the unparticle may have sizeable contributions to both M 12 and Γ 12 due to fractional dimension d U of the unparticle leading to a phase factor (−1) d U −2 in the propagation. If unparticle effect dominates the contributions (which may happen in D 0 −D 0 mixing) to meson mixing parameters x and y, we find that x/y = cot(πd U ).
Meson-antimeson oscillation exists in several neutral meson systems, d,s systems. We find that very stringent constraints on the unparticle and particle interactions can be obtained.
Muonium (M = (μe)) and antimuonium (M = (ēµ)) oscillation may also provide interesting constraints on flavor changing interaction. Experimentally muonium-antimuonium oscillation has not been established. Our analysis shows that constraints on unparticle and particle interactions can indeed be obtained using experimental data on muoniumantimuonium oscillation.
II. MESON AND ANTIMESON OSCILLATIONS
The mixing of a meson and its antimeson is determined by the off diagonal matrix elements M 12 and Γ 12 in the Hamiltonian. Their relations to the mass and lifetime differences are given by,
where the subscripts "H" and "L" label the mass eigenstates, |P H = p|P + q|P and |P L = p|P − q|P , respectively. p and q are normalized as |p|
. We denote the mass and lifetime differences by ∆m = m H − m L and ∆Γ = Γ H − Γ L . The parameters x and y are related to ∆m and ∆Γ by x = ∆m/Γ and y = ∆Γ/2Γ.
There are several possible contributions to M 12 and Γ 12 from unparticle and particle interactions. The following operators composed of SM fields and derivatives with dimensions less than or equal to 4 invariant under the SM gauge can contribute to meson mixing at tree level,
Here Q L , U R , and D R are the SM left-handed quark doublet, right-handed up-quark, and right-handed down-quark, respectively.
After using equation of motion for quarks, the interactions in eq. (3) can be parameterized in the following form 
where v = H is the vacuum expectation value of H. Note that the vector unparticle
, while scalar unparticle couplings c S scaled as Λ −d U U . Evaluating the two diagrams in Fig. 1 , we obtain
For O U :
Here
We have used
for scalar and vector unparticle propagators, respectively.
In the systems we are studying, mesons are made of a light (labelled by i) and a heavy quark (labelled by j). In the heavy quark limit, one has s = t ≈ m 
We have included a missing factor of 1/2! due to Wick rotation in previous studies [4] .
The parameters B V,S are the bag factors which are equal to 1 in the vacuum saturation and factorization approximation.
We would like to point out some silent features of the unparticle contribution to M U 12
and Γ U 12 due to the phase factor e −iπd U . We note that M U 12 can have both sign depending on the value of d U due to the factor cot(πd U ), therefore if information about the sign can be obtained from other considerations, the dimension d U can be restricted. There may be a sizeable contribution to Γ 12 at tree level which is not possible for usual tree level heavy particle exchange. For d U equal to half integers, there is no contribution to M 12 , but there is for Γ 12 . Another interesting feature of unparticle contribution is that the ratio M 12 /(Γ 12 /2) of unparticle contribution is related to the unparticle dimension parameter d U by
If the unparticle contribution dominates meson and antimeson oscillation then the measurements of M 12 and Γ 12 provide a possible way to determine the dimension parameter
We now present our numerical results on the constraints for unparticle and particle interactions with the assumption of CP conservation. In this case the unparticle contribution to mass difference ∆m long distance contributions which are however difficult to have precise predictions. We will assume that the contributions to x and y are purely from unparticle effects. With this assumption, we immediately obtain
Although the sign of x and y are both positive, the absolute sign of M U 12 cannot be determined from x measurement, therefore πd U can be in the first and third quadrants from the sign of x/y. We have
where n is an integer number which cannot be determined from just information from x/y.
Note that the experimental errors are still large, consequently the uncertainties of d U are substantial.
One can also obtain constraints on the couplings c V L,R and c S L,R from x or y for different Fig. 2 (solid curves) with Λ U fixed to be 1 TeV. In this range, the phase πd U will cover all four quadrants. At d U equal to half integers (1.5, 2.5) , there is no contribution to ∆m U , and therefore there are no constraints on c V,S . This is indicated by the two peaks at d U = 1.5 and 2.5 in Fig. 2 . At d U equal to 1, sin(πd U ) = 0, naively the contribution blows off. However, [14] which is very small to be measured experimentally. Since SM prediction for ∆m B d agrees with data, in our analysis to obtain constraints on the couplings c V,S we will just allow the unparticle contributions to vary within 2σ of experimental error bar.
Since the SM prediction for M SM 12 is positive, if the unparticle contribution is required to increase (decrease) the value for ∆m B d relative to the SM value, then πd U needs to be in second and fourth (first and third) quadrants. In Fig. 2 predicted value for y
is given by y
tan(πd U ) which can be as large as present experimental upper bound since at d U close to half integers cot(πd U ) can be very large, and at half integers there is no constraint from ∆m. Future experiments may tell us more.
s , ∆m Bs is measured to be (17.77 ± 0.12)ps −1 [15] , and ∆Γ Bs = −(0.084
−0.050 )ps −1 [12, 13] . SM best fits are ∆m Bs = (19.3 ± 6.68)ps −1 and ∆Γ Bs = −(0.096 ± 0.039)ps −1 [14] . There are differences for central values of SM predictions and experimental measurements. Taking these central values and attributing the differences are due to unparticle effects, one would favor πd U to be in the first or third quadrants. Since both SM predictions and experimental measurements have large errors and they agree with in error bars, we will present our constraints on c V,S taking, again, 2σ experimental error bars for both ∆m and ∆Γ. The results are shown in Figs. 2 and 3 . The constraints on c V,S are similar to those obtained from D 0 −D 0 oscillation.
III. MUONIUM-ANTIMUONIUM OSCILLATION
For muonium and antimuonium oscillation to occur, there must be flavor changing interactions. To the lowest order, the following unparticle and particle interaction operators will contribute,
At tree level, exchange of unparticles will generateμΓ 1 eμΓ 2 e type of matrix elements.
The operators has the same form given in eq. (6) with appropriate replacements of quarks by letptons and the associated couplings.
The SM prediction for muonium and antimuonium oscillation is extremely small. Observation of this oscillation at a substantially larger rate will be an indication of new physics.
Experimentally, no oscillation has been observed. The current upper limit for the probability of spontaneous muonium to antimuonium conversion was established at PM M ≤ 8.3 × 10
(90% C.L.) in 0.1 T magnetic field [16] .
In the absence of external electromagnetic fields, the probability PM M of observing a transition can be written as [17] 
, where δ ≡ 2 M |H ef f |M and Γ µ is the muon decay width. Here the effective Hamiltonian is defined as
3 ) for both triplet and singlet muonium states, where a ≃ (αm e ) −1 is the Bohr radius. But for (S ± P ) 2 type we have
3 ) for both triplet and singlet muonium [18] .
As for our case, omitting m e , the contributions corresponding to parameters c V L,R are (V ± A) 2 + (S ± P ) 2 type and to parameters c S L,R are (S ± P ) 2 type. Therefore we have δ
It is important to note that the probability PM M has strong magnetic field dependence which usually occurs in experimental situation. With an external magnetic field, there is a reduction factor S B , i.e. PM M (B) = S B PM M (0T). The magnetic field correction factor S B describes the suppression of the conversion in the external magnetic field due to the removal of degeneracy between corresponding levels inM and M. One has S B = 0.35 for (V ± A) 2 and (S ± P ) 2 type interactions at B = 0.1T [16, 19] . Using this experimental information, one obtains the usual constraint G MM < 3.0 × 10 −3 G F for (V ± A) 2 type interaction [16] .
Applying to our case we can put constraints on the relevant parameters and obtain
where G F is the Fermi constant.
Using eq. (12), one can obtain constraints on c V,S for given Λ U and d U . The constraints for c V,S are shown in Fig.4 for Λ U = 1 TeV. At d U equal to integers larger than 1 the contribution to δ blows off due to the appearance of sin(πd U ) in the denominator of eq. (6) 
IV. DISCUSSIONS AND CONCLUSIONS
In our previous discussions, we have assumed that there is no CP violation in the interactions between unparticles and particles. We now briefly comment on some implications To summarize, we have studied unparticle effects on particle and antiparticle oscillations in meson-antimeson, and muonium-antimuonium systems. We found that unlike usual tree level contributions to meson oscillations from heavy particle exchange with small Γ 12 , the unparticle may have sizeable contributions to both M 12 and Γ 12 due to the fractional dimension d U of the unparticle. Numerically we found that very stringent constraints on the unparticle and particle interactions can be obtained. If unparticle effect dominates the contributions (which may happen in D 0 −D 0 mixing) to meson mixing parameters x and y, x/y = cot(πd U ). New constraints on unparticle and particle interactions can also be ob-tained using muonium and antimuonium oscillation data. Unparticle interactions can also induce large CP violation in meson oscillations.
